ABSTRACT We have explored the mechanisms of uncatalyzed membrane ion permeation using atomistic simulations and electrophysiological recordings. The solubility-diffusion mechanism of membrane charge transport has prevailed since the 1960s, despite inconsistencies in experimental observations and its lack of consideration for the flexible response of lipid bilayers. We show that direct lipid bilayer translocation of alkali metal cations, Cl -, and a charged arginine side chain analog occurs via an ion-induced defect mechanism. Contrary to some previous suggestions, the arginine analog experiences a large freeenergy barrier, very similar to those for Na þ , K þ , and Cl -. Our simulations reveal that membrane perturbations, due to the movement of an ion, are central for explaining the permeation process, leading to both free-energy and diffusion-coefficient profiles that show little dependence on ion chemistry and charge, despite wide-ranging hydration energies and the membrane's dipole potential. The results yield membrane permeabilities that are in semiquantitative agreement with experiments in terms of both magnitude and selectivity. We conclude that ion-induced defect-mediated permeation may compete with transient pores as the dominant mechanism of uncatalyzed ion permeation, providing new understanding for the actions of a range of membraneactive peptides and proteins.
INTRODUCTION
The self-association of lipids into sheetlike bilayer structures, where lipid hydrocarbon tails are segregated from the aqueous phase, is a universal feature of cellular organization. Although the majority of charge transport across lipid membranes is regulated by specific channels and transporters, uncatalyzed ion permeation across membranes continues to be of much interest (1) (2) (3) and is important for understanding the movement and localization of charged amino acid side chains within membranes. This process is relevant to an expansive range of biological phenomena, including protein structure and function (see, e.g., Armstrong and Bezanilla (4) and Schmidt et al. (5) ) and the actions of cell-perturbing peptides (e.g. ion channels; Melikov and Chernomordik (6) and Zasloff (7)), and has been shrouded in controversy after the publication of studies that challenged our understanding of membranes as barriers to charge movement (8) (9) (10) . Here we have used molecular dynamics (MD) simulations and electrophysiological measurements to better understand and quantify charge-membrane transport processes.
A biological membrane is usually pictured as a bilayer of lipid molecules that form a low dielectric hydrocarbon sheet, where an ion must dehydrate to translocate (Fig. 1 A) . Using this solubility-diffusion model, energy barriers for the movement of alkali metal and halide ions are far too high to be compatible with the observed permeability coefficients in membranes of typical thickness (1, 11) . Moreover, because solubility-diffusion energetics depend critically on hydration energy, this model yields highly selective permeabilities (assuming complete ion dehydration), varying by >10 orders of magnitude (12) , contrary to existing experimental observations (13) (14) (15) . Consequently, it has been assumed that unassisted ion permeation rather might occur via a transient pore mechanism (Fig. 1 B ) (16) , where local membrane defects create transmembrane pores that allow for nonselective ion permeation, in semiquantitative agreement with experiments (17) .
Though the shortcomings of the solubility-diffusion model were recognized more than 40 years ago (18) , it has remained the standard description of charge-membrane interactions. Recent MD simulations similarly have shown that a liquid-crystalline lipid bilayer perturbs significantly due to the fields of an ion, with water and lipid headgroups being pulled into the nonpolar core (19) (20) (21) (22) (23) . In this description, which we refer to as an ion-induced defect mechanism, translocation occurs without the ion ever partitioning from water to hydrocarbon. Rather, the ion reshapes the interface as it moves (24) (Fig.1 C) , causing a local membrane deformation that lowers the ion's energy without forming a complete hydrophilic pore for passive ion diffusion (Fig.1 B) . Consequently, the energetics of permeation are different from those of a solubility-diffusion process in that they are primarily determined by the costs of membrane deformation as opposed to ion-dependent hydration energetics (21, 25) . Moreover, this deformation means that the ion does not cross the water-lipid interface to sense the full (strongly anion-selective (26) (27) (28) ) dipole potential of the membrane (24) . In addition to these molecular processes being fundamentally distinct, the energy barriers for ioninduced-defect-driven permeation are lower than those for solubility-diffusion by many kcal/mol (within bilayers below a critical hydrophobic thickness of~32 Å (29) ) and be within a regime that appears to be compatible with experimental measurements.
We therefore explored the permeation mechanisms, energetics, and permeabilities of different hydrophilic ions crossing lipid bilayers using MD simulation, and compared the predictions based on these simulations to new electrophysiological measurements. We can thus ascertain whether or not ion-induced-defect-driven permeation is consistent with experiment and whether it may compete with transient pores as a dominant conduction mechanism. In the process, we provide improved understanding of charge-membrane interactions relevant to a wide range of membrane proteins, toxins, antimicrobial and viral peptides.
MATERIALS AND METHODS

Fully atomistic simulations
MD simulations were carried out to study the permeation of the arginine side chain analog guanidinium (GuanH þ ), and the physiological cations and anions, K þ , Na þ , and Cl À , across a hydrated 1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC) bilayer. For direct comparison to experiments, we also simulated GuanH þ crossing a branched 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) bilayer known to exhibit similar thickness and solubilities for a range of solutes and water (30,31). All simulations were done with CHARMM (32), using the C27 lipid force field (33) and TIP3P water (34) at 330 K (above the DPPC phase transition at~314 K (35)). Bilayers were bathed in~0.5 M aqueous KCl solution using~45 water molecules/lipid. The potential of mean force (PMF), W(z), for ion translocation was calculated via umbrella sampling (US) (36) and the weighted histogram analysis method (37), using 62 simulations of up to 16 ns each (for PMF convergence, see Additional simulation methods and Fig. S1 in the Supporting Material). Spatially resolved diffusion coefficient profiles, D z , were obtained by combining analysis of US simulations using the position autocorrelation function (38), mean-square displacement (MSD) analysis for a series of 2 Å slabs spanning interfaces and bulk, and true bulk estimates (D Bulk ) from separate electrolyte systems (see Ion diffusion calculation methods in the Supporting Material and Fig. S2 ). Permeability coefficients for each ion, P ion , were calculated using an inhomogeneous solubility-diffusion model (39),
where L is the bilayer thickness, K ion is the equilibrium partition coefficient into the bilayer (40),
where k B is Boltzmann's constant and T is temperature, and D eff,ion is the effective ion diffusion coefficient within the membrane (41),
expðW z =k B TÞ DðzÞ dz
such that the calculated ion permeability is given by 
an integral over the local bilayer resistance (39). In all our calculations, this integral spans the range À15 % z % 15 Å , where the density of other ions vanishes, which is essential for modeling permeation by a single ion PMF (41). This description assumes that we are in the diffusion limit, where the mean velocity is proportional to the mean force, which is valid because the ion correlation length is short (~0.5 Å for Na For comparison with experiments, we also calculated contributions to the membrane conductance, G m , for each ion, G ion;calc , related to P ion;calc via Eq. 7, to give (26) 
where t ion is the ion transference number, defined below (Eq. 6), N A is Avogadro's number, q is the ionic charge, and C is the salt concentration.
To investigate the penetration of ions into lipid bilayers at equilibrium, additional unbiased MD (uMD) simulations of DPhPC lipid bilayers solvated in 0.1 M or 1.0 M aqueous GuanHCl solutions were run at 330 K and 1 atm pressure for~1.2 ms each, with the last 1.0 ms used for analysis. Simulation preparation and protocols for unbiased simulations are described in the Supporting Material. In graphs with error bars, the results depict mean 5 standard error of mean (SEM).
high-resistance bilayers (42)) or ether analog, DphPC (to explore the role of dipole potential (28) ) in n-decane or squalene. Reversal potentials (V rev ) were measured at 25 C using asymmetrical 0.1/0.2 M salt solutions. Experimental details are described in the Supporting Material. Transference numbers, t ion , for cation and anion (t þ and t À ) were determined from reversal potentials, V rev , via (43)
where E is the Nernst potential for the cation, allowing calculation of single-ion permeability coefficients (44),
Studies on small nonelectrolytes (45, 46) show that permeability coefficients in phosphatidylcholine bilayers can be approximated using Eq. 1, with K being the solute partition coefficient between water and hexadecane, and D the solute diffusion coefficient in hexadecane (4 Â 10 À5 cm 2 /s at 25 C (47)). We therefore estimate the apparent partition coefficient of the ions as
where L was assigned an approximate value of 40 Å . This formulation is approximate because the ion's free energy varies across the bilayer, and
Eq. 8 provides a lower estimate for the free energy within the bilayer, DG app trans . Subsequent modeling of PMF peak height, W peak , is described in the Supporting Material.
RESULTS AND DISCUSSION
Membrane interactions controlling permeation
Equilibrated lipid bilayer systems, with the translocating ion held at the membrane center (z z 0 Å ; Fig. 2 ), reveal that water molecules and lipid headgroups enter deep inside the membrane core to coordinate the ion. In each case, the ion forms a connection to one interface, with the local deformation being visually similar for all ions. In Fig. 3 , A and B, we compare measurements of bilayer deformations, reporting the number of polar species that enter the bilayer core, which is very similar for all cations (up to~30 additional water molecules and two to three lipid headgroups may be drawn into the bilayer core). Although somewhat lower (~20 water,~0.5 headgroups, and~0.5 K þ counterions) for Cl À , overall the deformations are comparable. The traditional solubility-diffusion model assumes complete dehydration of ions when they enter the membrane core. In fact, only a small fraction of first-shell hydration FIGURE 2 (A) Snapshots from US simulations for ions crossing DPhPC/DPPC bilayers with the ion positioned near the bilayer center (z z 0 Å ). In all pictures, PC C atoms are gray, N blue, O red, P orange, water red/white, and Na is lost, and it is largely compensated for by lipid headgroups (and counterions in the case of Cl À ), as illustrated in Figs. 3 C and S5, where the total first-shell solvation by polar components is largely maintained across the membrane (Fig. 3  D) . Coordination numbers for the different ions vary little inside the membrane core (from~4.7 for GuanH þ to~6.0 for K þ ). It is this immediate solvation environment, resembling the first hydration shell for each ion in aqueous solutions, that will influence ion permeation energetics and selectivity relative to the solubility-diffusion model.
The ion-induced defect process arises from the large attractive interactions with water and polar lipid moieties (on the order of 100-150 kcal/mol) that drive the membrane deformations. All cations exhibit similar variations in interaction energies with water and lipid headgroups across the bilayer (though these are somewhat larger for Na þ ; see Fig. 3 E and the absolute values plotted in Fig. S6, A and  B) ,. The sums of all components (Fig. 3 F) are also similar in magnitude (with stronger interactions at the interface for GuanH þ and Na þ compared to K þ , as suggested previously for the latter two ions (48)). These interactions weaken as a cation moves from the interface into the bilayer core, reflecting partial dehydration and the increased difficulty of deforming the membrane (21, 25) . This is also evident in Fig. S7 , which describes the increased indirect/strain energies and/or entropic costs (due to restricted solvent motion) associated with membrane deformation. In contrast, the interactions of Cl À with polar components are almost constant across the membrane, suggesting a slight difference in mechanism. This difference is most evident in comparisons of work decompositions in Figs. S8 and S9, revealing smaller mean forces from lipid components, indicative of reduced bilayer deformation.
The similar ion-membrane interactions among the different cations, and the somewhat different situation experienced by Cl À , are illustrated by their electrostatic interactions with the bilayer. Fig. 2 B shows 2D potential maps for each ion when it is near the bilayer center. The maps reveal deformations that are similar for all cations, where each ion (asterisk) is located near the interface between low-potential (red) and high-potential (blue) regions, experiencing a fairly constant electrostatic force that expels it from the membrane (24) . In contrast, Cl À appears to partially break through the interface. Although reminiscent of the potential seen by a hydrated ion-sized water defect (Fig. S10) , it also resembles the ion-induced-defect situation experienced by the cations, thus representing an intermediate process.
The corresponding 1D potential profiles (Fig. S11 ) confirm that the translocating cations are localized to high-electric field regions, with countercharges (lipid phosphates) also located in regions of significant field, whereas ; dotted and dashdotted lines) (C) and for all polar components (D). Coordination numbers were obtained as a number of species within interaction distance of the ion (for GuanH þ ÀN x atoms of NH 2 groups; see Fig. S4 A for coordination numbers with respect to the central C atom) corresponding to the position of the first minimum on respective radial distribution functions (see Table S1 ). See Fig. S5 for coordination numbers for other membrane components. (E and F) Interaction energy contributions for the translocating ion with water (solid and dashed lines) and lipid headgroups (dotted and dash-dotted curves) (E) and with all membrane components, offset to be equal in bulk water (see Fig. S6 for raw data) (F). In all graphs, error bars represent the mean 5 SEM from block analysis. The results of simulations are shown in red for GuanH þ (DPPC, solid and dotted lines;
DPhPC, dashed and dashed-dotted lines), green for K þ , blue for Na þ , and cyan for Cl À . To see this figure in color, go online.
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Ion-Induced Defect Permeation of Lipid Membranesthe choline group of the same coordinating lipid always resides in a region of near-zero field, regardless of the type of cation. This suggests that the leading charge (the permeating cation), and to some extent its immediate countercharge, dominates the ion translocation energetics (24) and is similar for each ion. The anion and its counterion also experience significant fields that will lead to energetics resembling those of the cations. Fig. S12 shows the potential experienced by each translocating ion, 4 ion . Remarkably, the variations in electrostatic potential are similarly repulsive for all cations and for the anion Cl À , in stark contrast to the the prediction of the solubility-diffusion model, where the (highly anion-selective) dipole potential would play an important role (27) .
Free-energy profiles for ion permeation
The PMFs for ion permeation across DPPC bilayers are compared in Fig. 4 . All ions experience a triangular-or L-shaped free-energy profile, where the barriers are similar, varying between 24.1 (for Cl
. This similarity of barriers despite the different chemistries, sizes, hydration free energies (varying by >30 kcal/mol; Table S2 ), and charges of the ions, is astonishing. Using the experimental model bilayer, DPhPC, for comparison, the barrier for GuanH þ is found to be only 0.6 kcal/mol less than that for DPPC.
The lack of thermodynamic ion selectivity stems from the nature of the ion-induced-defect translocation process, determined primarily by the cost of the membrane deformations associated with dragging charged and polar components (and their hydrating waters) into the membrane, and not by the dehydration of the ion (which approximately maintains its first solvation shell) or the dipole potential (as the ion does not completely cross the interface and is shielded by its polar environment). In contrast, the solubility-diffusion model would be much more selective and lead to significantly higher barriers, as illustrated in Fig. S13 . The selectivity could be better reproduced by a solubility-diffusion process in which ions maintain their first hydration shells (2, 3) , because the Born energies for partitioning from water to hydrocarbon would be diminished (Table S3 and Fig. S13 B, dashed curves) . Such a model, however, yields larger variation in energetics and, most importantly, does not capture the lipid bilayer perturbations observed in MD simulations or the correct PMF shape.
The similarity of the free-energy barriers for GuanH þ , K þ , Na þ , and Cl À indicates that ion dehydration is not a major energetic determinant of transmembrane ion movement. In a related study comparing the roles of arginine and lysine in deforming membranes, we have also computed a PMF for methylammonium that is almost the same as these ions (49). The common free-energy profile suggests similar membrane perturbations for each ion, with their associated costs. GuanH þ is stabilized at the interface by -1.7 kcal/mol (minimum at jzj z 19 Å ), similar to the value determined previously for MGuanH þ (dashed curve in Fig. S4 C) , whereas no such minima are present for K þ , Na þ , and Cl À . The consequence of this interfacial binding of GuanH þ is to shift the PMF downward slightly, but with very similar mean forces acting throughout the membrane. Surprisingly, the barrier for anion permeation is consistent with that for the cations, though the forces experienced by Cl À are less near the interface, reflecting reduced lipid headgroup penetration (and thus somewhat reduced water penetration) into the bilayer.
One interpretation of this common energetics for all ions is that the path-independent free energy corresponds to the transfer of an ion from water into a deformed membrane that presents an aqueous like environment, with a common energy penalty for the membrane deformation for all ions. This is despite the expectation that the dipole potential would favor anions (by~10 kcal/mol) (27) , which demonstrates that the dipole potential has little impact within the ion-induced-defect process. The lowering of the free-energy barriers for all ions, and the remarkable similarity among different ion types, suggests that ion-induced-defect-driven membrane permeabilities may be consistent with experiments, as we now explore.
Ion diffusion and permeation rates
The one-dimensional (parallel to bilayer normal) diffusion coefficient, D z , profiles are very similar for all ions (Figs. 5 and S2). All ions experience a rapid drop in D z as they approach the interface from the aqueous solution, beginning at~12 Å from the lipid headgroups, despite the PMF being flat in this region. One must venture far from the membrane interface to encounter truly bulk like water. D z drops to near minimal values when the ions reach the headgroups, dropping only a little more when entering the bilayer core. We attribute this to the ion always residing at the (deformed) membrane interface, even as it approaches the bilayer center, leading to a sigmoid-type dependence on membrane depth. Relative to bulk values, the diffusion coefficient within the DPPC membrane core drops to as low as~6% for Na þ and GuanH þ ,~7% for K þ , and~11% for Cl À (Table 1) , and results in DPhPC are similar within error (Fig. 5) . Such dramatic reductions are not seen for neutral solutes (30,40).
The calculated ion permeability coefficients, P ion,calc , (Table 1 ) are many orders of magnitude less than for water (1.6 Â 10 À5 cm/s (30)) or other neutral solutes (40). The P ion,calc values vary by only a factor of 8 among the different cations (and at most by a factor of~23 between Na þ and Cl À ), with variations in log P values almost within the uncertainties. These variations can be attributed to modest (~2 kcal/mol) differences in barrier heights and only threefold variations in diffusion coefficient, as well as changes in the shapes of the free-energy profiles. For GuanH þ , P ion,calc across DPhPC approaches twice that for DPPC, but remains within the uncertainty.
Within the errors of the analysis, ion permeation via an ioninduced defect mechanism is remarkably nonselective, as would be expected from the similar PMFs, W(z), and diffusion profiles D z , which determine the permeability coefficients via Eq. 4. Such analysis makes the assumption that the translocation coordinate, z, captures the rate-limiting step for permeation. Though we have not observed a complete ion translocation even in the constrained equilibrium simulations, which would entail the ion letting go of its connection to one interface and grabbing onto the distant interface-or forming a complete transmembrane defectthe rate-limiting step most likely is associated with traversing the very steep free-energy barrier near the membrane center. Indeed, we have observed interfacial connection transitions within nanoseconds in thinner membranes (29) . With fluctuations in bilayer thickness on the order of 4 Å , occurring on the microsecond timescale (see Supporting Material), such transitions should occur relatively quickly in DPPC and DPhPC. Moreover, transitions have also been observed when the ion is moved just beyond the membrane center (20, 25) , indicating that translocation would be rapid once the steep barrier has been climbed (see Movie S1, described in the Supporting Material). It is important to note that the time for exchange of interfacial connections has been estimated to be on the order of microseconds (50), compared to the timescale of years for ion crossing (see Supporting Material calculations).
Experimental membrane conductance and selectivity Table 2 summarizes our experimental results for membrane conductances in different bilayers. For the KCl, NaCl, and GuanHCl salts tested, the conductances vary only within an order of magnitude, suggesting that the permeation process is nonselective. The conductances are similar in bilayers formed by ether or ester phospholipids, which have dipole potentials differing by 100-250 mV (28), corresponding to an energy difference of 2.4-6.0 kcal/mol. This suggests that the permeating ions sense little of the membrane dipole potential, consistent with an ion-induceddefect permeation mechanism.
Conductances do not vary much as a function of salt concentration; if anything, they tend to be less in 1.0 M than in 0.1 M salt, which we can understand in terms of loss of À , eliminating any contribution of polyiodides to the conductance, with no effect (Table 2) . Also, similar results were obtained in nominally hydrocarbon-free bilayers formed from DphPC/squalene (Table 2) . These measurements could be done only in 0.1 M salt, as squalene bilayers became unstable at higher concentrations. We also examined whether 40 mM phloretin, which produces a large negative change in dipole potential (52), had any effect on DPhPC/n-decane conductance in 0.1 M GuanHCl; it did not (data not shown).
The conductances in NaCl are similar to those reported earlier by Hanai et al. (53): 1.3 or 2.5 nS/cm 2 in egg PC/ decane membranes in 0.l or 1.0 M NaCl. Although we cannot exclude that the experimental results include a contribution from undetected membrane defects (similar to those observed with DphPC/squalene in 1.0 M salt), we conclude that ion movement across lipid bilayers varies little with changes in hydration energy, chemistry, or lipid composition.
To relate the conductances to single-ion permeability coefficients, for comparison with the results from our simulations, we determined reversal potentials and ion transference numbers. Table 2 also summarizes results obtained for DPhPC/n-decane and DphPC/n-decane bilayers (it was not possible to determine the reversal potentials in bilayers containing squalene). Although there is some variation among the different salts and bilayers, there is little cation/anion selectivity, suggesting a common permeation process (and similar energetics for permeation) for the ions studied.
Individual ion permeability coefficients are summarized in Table 3 , along with apparent free energies of transfer and approximate peak free energies (using Eqs. 7, 8, and S6). Within each bilayer, the permeabilities to K þ , GuanH þ , and Cl À are similar. As expected from the concentration-independent conductance, the ion permeabilities are~10-fold less in 1.0 M than in 0.1 M salt. This corresponds to~1 kcal/ mol increase in the estimated energy barriers for ion movement, or a similar reduction in interfacial binding, as suggested by our simulations (Figs. 4 and S14, dashed and dotted pink lines).
Our results are consistent with those of previous studies in phospholipid vesicles. In Table 3 , we list permeability coefficients for Na þ , K þ , and Cl À across bovine phosphatidylserine (PS) membrane (predominantly sn1 -18:0 and sn2 -18: 1-PS, SOPS) (13) . Overall, those values are consistent with our results, though they reveal a relatively higher Cl À permeability, possibly reflecting electroneutral exchange of Cl À (cf. Toyoshima and Thompson (54)). Papahadjopoulos et al. (13) general agreement with our results. The permeability coefficient for Cl À , again, was three orders of magnitude higher than those for cations (again reflecting electroneutral exchange). Overall, our experiments, together with those from other studies, suggest semiquantitative agreement between cation and anion permeabilities and energy barriers (to within a couple of kcal/mol), pointing to a fairly nonselective permeation mechanism.
Comparing MD simulation with experiment
Our MD simulations suggest that all ions tested cross lipid bilayers by an ion-induced-defect mechanism, with similar energetics and diffusion profiles, predicting a fairly nonselective conduction process, consistent with our experimental observations (compare Tables 1 and 3 ). Both simulations and experiments, however, have uncertainties that complicate quantitative comparisons, and may cause up to three orders of magnitude variation. The use of branched DPhPC in the experiments (as well as the presence of n-decane or squalene) will influence results, though we have shown that a change from DPPC to DPhPC leads to <1 kcal/mol change in the free energy (Fig. 4) . We also have shown that a different temperature (330 K vs. 298 K) leads to an~2 kcal/mol change in the PMF (Fig. S15 ). It is, however, important that experimental results in different bilayers, both in this study (DPhPC with and without hydrocarbon, and DphPC) and others (DOPC (2,3) and predominantly POPC and SOPS (11,13)) provide general agreement about the magnitude of the permeability coefficients.
The barrier heights obtained in MD simulations are 2-4 kcal/mol higher than estimates deduced from our experimental results (see Fig.4 , black dashed line, for GuanH þ ), which may reflect problems with the approximate method used to fit a triangular PMF model to the experiments. The barrier heights deduced from our simulations predict the results of other experiments, to within~2 kcal/mol (see, e.g., Papahadjopoulos et al. (13) , in which bovine brain PS was used). Whereas the statistical uncertainties in both experiments and simulations are on the order of 1 kcal/ mol, systematic errors exist due to the choice of experimental technique and lipid type (3), as well as in the model dependence of MD simulation results. One such dependence stems from the lack of explicit electronic polarization of lipid tails, though we have previously shown that the effect is only up to 1 kcal/mol, diminished due to bilayer deformations (24) . Small,~1 kcal/mol force field inaccuracies in ion-headgroup interactions (55), or variations of up tõ 3 kcal/mol in PMFs due to different models and force fields (22, 23, 25) (though within 1-2 kcal/mol when accounting for variation in the strength of interfacial binding), can lead to orders-of-magnitude differences in calculated permeability coefficients. We therefore consider our simulations and experiments to be entirely consistent, though with quantitative agreement remaining a significant challenge.
Microsecond-scale equilibrium simulations reveal ion-induced defects
To explore the ability of an ion to self-induce defects at equilibrium, as suggested by our US simulations, we have carried out microsecond-lengthscale simulations of membranes in bathed in salt solutions. Further, to facilitate comparisons with experiments at different salt concentrations, we compare results from unbiased simulations in 0.1 and 1.0 M GuanHCl solutions, shown as dashed and dotted pink curves in Fig. 4 and visually in Fig. 6 for GuanH þ . The results show an~1 kcal/mol reduction of binding energy due to shielding at higher concentrations, which will impact membrane conductance.
Anions (Cl À , compared in Fig. S14 ) are mostly located in the bulk aqueous phase outside the lipid headgroup region (in agreement with previous studies (48)) with a well defined maximum in density at~jzj ¼ 25.5 Å in 1.0 M GuanHCl, and a fairly broad distribution (slightly elevated) in the same region (~jzj ¼ 27 Å ) in 0.1 M GuanHCl (Fig. S14 A, green lines) . GuanH þ tends to concentrate in the lipid headgroup region with density maxima at jzj1 8 Å or~17 Å in 1.0 M and 0.1 M GuanHCl solutions, respectively (Fig. S14 A, pink lines) . There are also welldefined minima in the GuanH þ distributions in 1.0 M salt, and corresponding maxima in the Cl À distribution, indicating the formation of a well defined electric double layer around the membrane.
The corresponding free-energy profiles for Cl À and GuanH þ are shown in Table 3 and discussion above). Both GuanH þ and Cl À profiles climb rapidly after the binding minima (shallow for Cl À ; Fig. S14 B) . Similar but reduced slopes suggest that the unbiased simulations have captured events where ions have moved into the membrane more easily than average, as a result of more favorable local membrane interactions. In much longer timescales, we expect profiles similar to the US results.
We have also determined how deep inside the membrane ions ventured in long unbiased simulations. The deepest Cl À was on average at jzj z 17.9 Å and 23.2 Å in 1.0 M and 0.1 M GuanHCl, but approached to as close as~8.8 Å and~12.3 Å , respectively, to the membrane center. The deepest GuanH þ (as measured by a central C position) on average ventured to 13.4 Å and 14.5 Å from the membrane center and got as close as~6.7 Å and~7.5 Å in 1.0 and 0.1 M GuanHCl simulations, respectively. The ion needs to overcome a free-energy cost of 5-7 kcal/mol to reach this deep into the membrane, explaining why this is a rare event, and why studies of uncatalyzed ion permeation are likely intractable through unbiased simulations alone. The US simulations suggest a barrier of~9 kcal/mol in this region (Figs. 4 and S14 B, red curves).The unbiased trajectory snapshots when GuanH þ is deep in the upper and lower leaflets are shown in Fig. 6 . There the ion remains coordinated by lipid phosphate, carbonyl oxygens, and water molecules. In both simulations, GuanH þ penetration to 7-8 Å causes substantial membrane deformations, similar to that observed in US simulations. The spontaneous penetration of the ion leads to ion coordination similar to that seen in biased simulations (on average by approximately five to six water oxygens, one to two lipid phosphates, and one to two carbonyl oxygens at maximum ion penetration depth in the unbiased simulations).
Mechanisms of ion permeation
The ion-induced defect mechanism has been demonstrated in our atomistic US MD simulations for all the cations tested, as well as in separate long unbiased simulations. As discussed above, long unbiased simulations have shown cations venturing into the bilayer core leading to similar deformations and free-energy profiles, demonstrating that ion-induced defects are natural occurrences in membranes. The general agreement between the predicted and observed permeability coefficients, to within a few kcal/mol, together with the almost complete lack of ion selectivity, supports an ion-induced-defect permeation process. In contrast, the alternative direct permeation via a solubility-diffusion mechanism leads to permeability coefficients that differ by many orders of magnitude from experimental observations (1, 3, 11) , as highlighted by the large barriers in Fig. S13 (though these could be improved by allowing partial ion hydration).
For the anion, Cl À , our analysis suggests a mechanism somewhere between ion-induced defect and solubilitydiffusion, with a deformed membrane interface and hydrated anion venturing into the membrane (as suggested previously (2,3)), related to the size of the anion and its weaker interactions with lipid headgroups (48). We note that membrane conductance experiments cannot capture the component of conductance originating from electroneutral/carrier-mediated exchange, as seen in radioactive tracer experiments (see, e.g., Toyoshima and Thompson (54) and Khavrutskii et al. (56)). Such a mechanism will lead to enhanced and pH-dependent anion permeability that will dominate the measured permeability for Cl À . Our conductance measurements do, however, better capture the anion translocation process for direct comparison to the cations.
The ion-induced defect mechanism is distinct from the transient pore mechanism, where fluctuations can lead to the formation of water-filled transmembrane pores, exhibiting largely nonselective ion permeation (17) and permeabilities in semiquantitative agreement with experiments (17, 57) . Such a mechanism is also little dependent on ion hydration energetics, as it is governed primarily by the costs of pore formation (akin to the ion-induced-defect mechanism). We suggest that these processes might occur in tandem, because both originate with membrane deformation involving the displacement of a charge or zwitterion (lipid headgroup (57)) into the bilayer, predicted to have similar energetics (24) . Only in thick membranes, with hydrophobic thickness >32 Å (thicker than the usual DPPC or DOPC Biophysical Journal 106(3) 586-597 models) based on our previous calculations, where the energy costs for bilayer deformations begin to exceed the costs for ion dehydration, will solubility-diffusion permeation of cations come into play (29) .
Pinpointing the mechanism of unassisted ion permeation would require quantitative comparison of permeabilities via transient pores and ion-induced defects. This is beyond the current level of accuracy achievable with MD simulations. However, there is much in common between the ion-induced-defect and transmembrane-pore mechanisms. The energetics of moving an ion into the membrane and forming a pore are similar, though it has been suggested that there is a somewhat greater rate of forming localized defects over complete pores (17, 58) . Moreover, once formed, a transmembrane pore will conduct ions for a duration as short as 5 ns or >150 ns (58). Such multiple permeation events are also expected for single ion-induced defects. It has been shown that a second ion entering an ion-induced defect can move to the bilayer center without additional energetic cost (59), suggesting increased permeation through ion-induced defects.
CONCLUSIONS
We have reported fully atomistic MD simulations, which demonstrate that the physiological cations K þ and Na þ , the anion Cl À , and the arginine side chain analog, GuanH þ , all deform lipid bilayers to remain hydrated during permeation, in an ion-induced-defect process. Our free-energy calculations have revealed an astonishing lack of effect of ion size, chemistry, and even charge. This lack of selectivity can be rationalized in terms of the membrane deformations that prevent the ion from crossing the membrane interface into the hydrocarbon core. Furthermore, that arginine side chains will experience the same energy penalty for crossing a membrane as any other ion studied is consistent with our understanding of membranes as barriers to charge movement, contrary to recent suggestions that those costs would be smaller (8) (9) (10) .
The energetics for ion movement across a membrane are different from those predicted by a solubility-diffusion model. The energy barriers emerging from the ion-induced defect model are lower and in reasonable accord with experimental observations. We have shown that, as a result of membrane perturbations, very different hydrophilic ions experience common permeation free-energy and diffusioncoefficient profiles, leading to similar membrane permeabilities, in semiquantitative agreement with experiments. This suggests that direct permeation via an ion-induced defect mechanism could rival transient pore permeation as the dominant permeation process. These results also have significant implications for studies of protein-lipid interactions, including the actions of cell-penetrating peptides, toxins, voltage sensing, and membrane-deforming protein domains. Supporting references (1-18) also appear in the main text.
SUPPORTING MATERIAL
Additional simulation methods
The CHARMM program (1) was used for all MD simulations using the C27 lipid force field (2) and TIP3P water (3). The NP n AT ensemble with hexagonal periodic boundary conditions at 330 K and 1 atm normal pressure was used for both lipid membrane and water box simulations. Similar to previous simulations (4, 5), a 2 fs time step with trajectory written each 0.2 ps, particle mesh Ewald (PME) electrostatics (19) and a 10 Å non-bonded cutoff with energy shifted Lennard-Jones potential were used. Membranes were oriented with the z-axis parallel to the bilayer normal. Lateral box dimensions were based on an experimental estimate of 64 Å 2 area per 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid (20) and roughly corresponded to an experimental area 80.5±1.5 Å 2 per 1,2-diphytanoyl-snglycero-3-phosphocholine (DPhPC) lipid (9), also taking into account the cross-sectional area of the larger GuanH + ion (42.8 Å 2 ). The systems each consisted of 48 DPPC or DPhPC molecules, 2186-2187 water molecules, 19-20 K + and Cl -, and one permeating ion.
The potential of mean force (PMF), W(z), for ion movement across the membrane was calculated via Umbrella Sampling (US) (21) and the Weighted Histogram Analysis Method (22), using 62 independent simulations (windows) from −30≤z≤30 Å (two simulations at z=0, with ion connected to either membrane interface (4)), where z is the ion's center of mass (COM) relative to the bilayer COM (maintained with a harmonic constraint of 2.5 kcal/mol/Å 2 ). Ions were placed in unperturbed bilayers and equilibrated for up to 6 ns (judged by membrane deformations and PMF convergence; Fig. S1 ), followed by 5-10 ns for each window.
In long unbiased MD simulations, DPhPC lipid bilayers were bathed in 0.1 M or 1.0 M aqueous GuanHCl solutions and run for ~1.2 µs each, with the last 1.0 µs used for analyses. The systems had 40,900 or 41,470 atoms and were composed of 128 DPhPC lipid molecules, 7015 or 6787 water molecules (~55 or ~53 per lipid molecule), 13 or 127 GuanH + and Cl − ions. The CHARMM program (1) was used for system preparation while the Anton software version 2.10.0 from D. E. Shaw Research was used for production runs on a special-purpose Anton computer (see e.g. (24) and references therein). Anton computer time was provided by the National Resource for Biomedical Supercomputing (NRBSC), the Pittsburgh Supercomputing Center (PSC), and the BTRC for Multiscale Modeling of Biological Systems (MMBioS) through Grant RC2GM093307 and P41GM103712 from the National Institutes of Health. The Anton machine at NRBSC/PSC was generously made available by D.E. Shaw Research. The newest CHARMM lipid force field C36 (25) was used for these simulations along with standard CHARMM GuanH + and Cl − parameters and TIP3P water (3). Simulations were carried out using tetragonal periodic boundary conditions in the NPT ensemble at 1 atm pressure, a 2 fs time step with nonbonded long-range interactions computed every 6 fs using RESPA multiple time step algorithm. The multigrator algorithm developed in-house by D. E. Shaw Research was used for temperature and semiisotropic pressure coupling whereas their Gaussian Split Ewald (GSE) method was used for handling long-range electrostatic interactions. For Lennard-Jones interactions a 9 Å cutoff was used as it was optimized by Anton simulation scripts for these systems. They were first equilibrated for ~0.12 µs at 298 K and continued to run for ~1.07-1.09 µs at 330 K with the last 1.00 µs used for analysis. Simulations were run at 330 K to enhance sampling and provide better comparison with the umbrella sampling simulations discussed in the main text. Under these conditions, the average DPhPC area per lipid was 84.2 Å 2 in 0.1 M GuanHCl and 81.6 Å 2 in 1.0 M GuanHCl (in agreement with the experimental estimate of 80.5±1.5 Å 2 at 303 K (9)) with variations of up to ~10 and ~9 Å 2 , respectively. The membrane thickness, measured by the average position of lipid P atoms in two leaflets, <d(P … P)>, was 36.7 and 37.1 Å (in agreement with the experimental value of 36.4 Å at 303 K (9)) with fluctuations up to 3.7 and 3.8 Å, respectively. A detailed description of the simulation methodology can be found at http://www.deshawresearch.com/downloads/download_desmond.cgi/Desmond_Users_Guide-0.5.3.pdf
Additional electrophysiology methods
DPhPC and the ether phospholipid analog 1,2-diphytanyl-sn-glycero-3-phosphocholine (DphPC) from Avanti Polar Lipids (Alabaster, AL) were used without further purification. Limited experiments in the ether analog were carried out to explore the role of the dipole potential in ion permeation, thought to be highly anion-selective within the solubility-diffusion model, although expected to play a lesser role in an ion-induced defect mechanism (6). The bilayer-forming solutions were 2 % (w/v) of DPhPC or DphPC in 99.9 % pure n-decane from ChemSampCo (Trenton, NJ). Nominally hydrocarbon-free bilayers were formed using squalene (St. Louis, MO, USA) rather than n-decane; the squalene was filtered through chromatographic alumina (neutral type from Sigma) to remove reactive species. NaCl and KCl were analytical reagent grade and were roasted at 500 °C for 24 hours before use. Guanidinium-HCl was Ultrol grade from Calbiochem (San Diego, CA).
Lipid bilayers were formed at 25 °C using a pipet method (23) across a hole in a Teflon  partition separating the two aqueous solutions. Membrane currents were measured in symmetrical, unbuffered 0.1 or 1.0 M salt using a Dagan 3900 patch-clamp amplifier with a 3910 Bilayer Expander Module using Ag/AgCl electrodes. After the bilayer had turned black, it was tested by applying 150 mV across the bilayer and examining whether the current traces were stable, without current spikes or other signs of instability or extraneous current pathways.
Membrane conductances were determined from the slopes of current voltage-characteristics determined between ±50 mV. The final results are reported as mean ± S.D. for at least 5 measurements on different bilayers (formed in at least two different chambers). Because extraneous leaks would cause erroneous measurements, all measurements were examined and membranes with conductances that were more then twice the average conductance were eliminated.
Reversal potentials (V rev ) were measured at 25 °C using a Keithley model 616 high-impedance electrometer (Keithley Instruments, Cleveland, OH) using calomel electrodes and the trans chamber as the electrical reference. The bilayers were formed over a 0.3 mm hole in symmetrical 0.1 M salt solutions, and the salt concentration in the cis solution was increased to 0.2 M after the bilayer was formed.
For the case where the PMF is approximately triangular (mimicking that calculated from MD simulation)
where W peak is the peak free energy at the bilayer center (assuming a constant diffusion coefficient). Using equations (4) and (8) in the main text and assuming constant diffusion coefficient inside the membrane, D mem :
we obtain:
Substitution of expression for W triangular (z) from (S1) into (S4) gives:
If W peak >>k B T, we obtain the relation:
Membrane deformations and ion solvation in the membrane
The number of polar species that enter the bilayer core (defined as |z|≤13Å), or "core number", has been used as a measure of the extent of local membrane perturbation (Fig.3A,B) , discussed in the main text.
Coordination numbers (Fig. S5) were determined by calculating the number of atoms within the 1 st minimum of the ion-component radial distribution function (RDF) ( Table S1 ). Coordination numbers for GuanH + were calculated with respect to nitrogen atoms of NH 2 groups, however, coordination numbers with respect to the central guanidine C atom (as in our previous studies (4, 7)) are shown in Fig. S4A (solid curves). For the alkali cations and Cl − , ion coordination by water changes little, from ~5.4 -~7.4 in bulk aqueous solution to ~3.9 -~5.6 in the membrane core, indicative of a modest dehydration of 1-2 waters (Fig. S5A) . In contrast, there is a big drop in water coordination for GuanH + , from ~15 to ~6, if measured with respect to the central C atom (solid red curve in Fig. S4A ), suggesting that this alternative measure also includes water molecules that are more loosely coordinated, and which are lost once the ion moves to the hydrophobic membrane interior. Lipid coordination of cations is dominated by phosphates (Fig. S5B) . GuanH + , Na + and K + were coordinated by up to ~3.3, ~2.0 and ~1.0 phosphate O atoms (at the interfacial region) and ~0.7, ~0.9 and ~0.5 at the DPPC membrane center (Fig. S5B) . In the DPPC membrane simulations, GuanH + , Na + and K + were coordinated by up to ~1.1, ~1.1 and ~1.2 glycerol ester O atoms (at the interfacial region); these numbers drop to just ~0.5, ~0.4 and ~0.2, respectively, near the membrane center (Fig. S5C) . For Cl -, K + were the preferred counter-ions with ~0.3 coordination near the bilayer center, most likely because the lipid choline moiety is a poor coordinating group, with just up to ~1.2 weak coordination at the interface, but not within the membrane core (Fig. S5B) . Counter-ion coordination of cations was on the order of ~0.3-0.5 in bulk aqueous solution and was not seen near the membrane center (Fig. S5D) , except for one window where a Cl − was seen to coordinate Na + (not shown).
Total polar component solvation numbers (Fig. S5E) show relatively small z-dependence: dropping in the membrane core by only ~0.5 units for Na + , around 1 unit for K + and GuanH + , and nearly 2 units for Cl − compared to the bulk aqueous solution. GuanH + in DPhPC membrane simulations (compared to the same ion in a DPPC membrane) is coordinated by a smaller number of lipid phosphate O atoms at the interface, which is compensated by stronger solvation by water and glycerol ester oxygens, resulting in a fairly similar solvation by all polar components (cf. red dashed and solid curves in Fig. S5 ) .
Ion interaction energies
Large attractive interactions between translocating ions and water molecules as well as lipid head groups lead to lipid bilayer perturbations (4, 5) . Interactions of the ion with water molecules are on the order of -100 to -150 kcal/mol in bulk water, and become weaker as the ion enters the membrane (Fig.  S6A) . All cations show similar interaction energy profiles with water molecules: substantial decrease in the interfacial region and then an increase in the membrane core region to about 50 -80% of bulk aqueous solution values near the membrane center (Fig. S6A) . For Cl -, the interaction energy with water molecules does not exhibit substantial variation across the membrane and varies from around -90 to -110 kcal/mol (cyan curve). For all the translocating ions, there are large attractive interaction energies with water near the membrane center ranging from -40 to -100 kcal/mol.
The substantial variation across the membrane of interaction energies with water for cations and the nearly flat profile for Cl − can be explained by interactions with the lipid head group, which complement those with water molecules. As expected, the cation interactions with the lipid head groups are strongly attractive in the interfacial region and reach from around -120 to -170 kcal/mol (Fig. S6B) . They gradually decrease to around -60 to -105 kcal/mol near the membrane center being strongest for Na + and weakest for K + , consistent with previous studies (e.g. (8)) that show strong Na + binding to lipid head groups. Cl − has much weaker interactions with the lipid head groups, and the interaction energy varies from around -30 to 0 kcal/mol across the membrane with modest z-dependence (cyan curve). Cl − interacts with other ions, however, and this contributions is about -40 kcal/mol near the membrane center (Fig.  S6D) ; this contribution is ~0 for all cations, in contract to the -60 to -70 kcal/mol interactions with other ions in bulk aqueous solution (Fig. S6D) .
The sum of the cations' interaction energies with water, lipid head groups and other ions (see Fig.  S6E ) show smaller z-dependence than individual components and decrease by ~10-15 kcal/mol from bulk aqueous solution to a membrane center, being a few kcal/mol more favorable in the interfacial region. Cl − interactions with all polar components are less favorable in the membrane core, as compared to a bulk aqueous solution, by ~20 kcal/mol with no interfacial minima (cyan curve in Fig. S6E ). These trends are, however, nearly within the errors of these calculations. GuanH + interactions with DPhPC lipid head groups are weaker at the interface than those for DPPC (cf. dashed and solid red lines in Fig. S6B ), which are compensated by stronger interactions with water for the former (Fig. S6A ) resulting in very similar interactions with all polar components (Fig. S6E) .
As expected, interactions of the translocating ions with lipid tails are substantially weaker than those with polar membrane components (Fig.S6C) . These interactions are favorable for Cl − , reaching around −10 kcal/mol near the membrane center but unfavorable for Na + and K + being ~ 5 kcal/mol at z=0. For GuanH + , small negative interactions with lipid tails, on the order of 2 kcal/mol, were observed. These trends can be explained by small positive (+0.09 e) partial atomic charges on H atoms of CH 2 lipid tail groups for C27 lipid model. Regardless, interactions of lipid tails with translocating ion are too weak to compensate its strong binding to water molecules and lipid head groups or counterions, which leads to membrane deformations
Enthalpic/entropic decomposition
To understand the origins of the free energy profiles for ion translocation, we computed their enthalpic and entropic contributions (Fig. S7A and B, p. 17) . The enthalpic contribution was calculated from the total potential energy variation across the membrane, ΔU tot (Fig. S7A) . The shape of the ΔU tot profiles is similar for all ions in the DPPC membrane simulations with central barrier varying from ~13 to ~31 kcal/mol. For GuanH + , the energy barrier at the membrane center is smaller than for other ions, due to minima of ~ -20 kcal/mol in the outer core region (at |z|≈8-9 Å). Similarly, there is a ~30 kcal/mol maximum in the -TΔS term for GuanH + in DPPC simulations (Fig. S7B) , with a lesser barrier for other ions. For most ions there is a decrease (becoming more negative) in the entropic contribution to the free energy near the membrane center, most likely due to a decrease in lipid density in this region. Similar to the trends in interaction energies for different membrane components (Fig.S6) , the variation of ΔU tot across membrane is least for Cl − (Fig.S7A) , whereas the -TΔS term being similar to those for K + and Na + and less than that for GuanH + (Fig. S7B) . For GuanH + in the DPhPC simulations (dashed red curves in Fig. S7 ) there is a ~39 kcal/mol barrier in ΔU tot and a corresponding minimum of about −16 kcal/mol in the -TΔS term near the membrane center; in stark contrast to the case for DPPC (solid red in Fig. S7 ). This might be due to the branched lipid tails, or the significantly increased area/lipid that increased head group hydration in the unperturbed membrane. These numbers, however, are associated with considerable uncertainties (unpublished calculations of ΔS as above, or from T dependence of ΔG, suggesting errors of over 10 kcal/mol are possible).
Interaction and strain decomposition
ΔU tot can be further decomposed into direct, ΔU dir , and indirect, ΔU ind , energy contributions ( Fig. S7C  and D) . ΔU dir represents the variation of the translocating ion's interaction energy with all membrane components, whereas the remaining ΔU ind can be considered as strain energy. (4) All ΔU dir profiles show maxima at the membrane center of 7 to 17 kcal/mol (Fig. S7C) . For GuanH + and Na + in DPPC simulations there also are interfacial minima of -10 to -5 kcal/mol at |z|≈17-18 Å. A broad minimum of up to -7 kcal/mol is present for GuanH + in DPhPC in the same membrane region. For K + the minimum at the interface is small (within -1 kcal/mol) and not well defined, and for Cl − it is absent. There are some similarities between ΔU dir and free energy profiles (cf. Figs. S7C and 4) , however, there are differences in shape and magnitude, indicating that indirect energetic (Fig. S7D ) and entropic components (Fig. S7B ) both are important contributors to the thermodynamics of ion translocation. ΔU ind profiles are similar for all ions in DPPC, exhibiting maxima near the membrane center (up to ~18 kcal/mol for Na + ) and some fairly broad minima in the outer core and interfacial regions (up to about −20 kcal/mol for GuanH + at |z|≈8 Å). For GuanH + in DPhPC there is a maximum of ~34 kcal/mol near the membrane center and no interfacial minima, indicating again a somewhat different balance of ion-membrane interaction contributions for this branched lipid.
Work decomposition analysis
Interaction energies can be revealing, but they are not free energies and therefore do not solely govern the permeation process. The contributions to each PMF from individual membrane and electrolyte components were calculated via mean force decomposition using of Particle Mesh Ewald (PME) electrostatics (4) . The contributions to the reversible work are shown in Fig. S8, p. 18.
The shapes of the free energy components are similar for all cations (though with Na + having the largest contributions), but are quite different for Cl − (cyan curves). For cations, the contribution from water molecules is positive (~40 kcal/mol for GuanH + to 51 kcal/mol for Na + in DPPC, and ~31 kcal/mol for GuanH + in DPhPC) at the interfacial region and then drops (to −55 kcal/mol for GuanH + to −86 kcal/mol for Na + in DPPC) near the membrane center, whereas for Cl − there is just a minimum of ~−85 kcal/mol at the membrane center without interfacial maximum (Fig. S8A) .
The opposite trends are exhibited by lipid head group contributions (Fig. S8B ) with interfacial minima (ranging from -78 kcal/mol for GuanH + to -95 kcal/mol for K + in DPPC simulations, and around -71 kcal/mol for GuanH + in DPhPC) and central maxima (ranging from 21 kcal/mol for GuanH + to 45 kcal/mol for Na + in DPPC) for the cations, and a broad maximum of 59 kcal/mol for Cl − . These opposing trends for water and head groups arise from the competition between cation binding to water molecules or lipid head groups at the interface, and by lipid head group destabilization near the membrane center.
The lipid tail contribution is relatively small (~4-5 kcal/mol for the cations and −9 kcal/mol for Cl -at the membrane center, Fig. S8C ). The free energy contribution from interactions with other ions is large and positive (~53-62 kcal/mol near the membrane center), due to the exclusion of electrolyte ions from the hydrophobic core (Fig. S8D) . Interestingly, there are shallow interfacial minima of around −6 kcal/mol for this contribution for Cl − , similar to that for lipid head group contribution for the cations. The shapes of head group contributions for cations, and that from other ions for Cl − , are similar. In all cases, there are large opposing free energy contributions, which lead to very similar total free energy profiles (Fig. 4) .
We also computed the free energy contributions due to only those polar components located within the membrane core (|z|≤13Å, Fig. S9, p. 19) . The contribution from core-located lipid head groups is large and positive, ranging from 56 to 84 kcal/mol for the cations, and small and positive (up to ~5 kcal/mol) for Cl − (Fig. S9A ). Yet, the core-located water contribution (Fig. S9B) is negative for all ions, ranging from −60 kcal/mol for Cl − to ~ −145 kcal/mol for Na + . The core ion contribution (due to other ions in electrolyte) is significant only for Cl − , and reaches up to ~30 kcal/mol at the membrane center (Fig. S9C ) partially compensating for the very small lipid head group contribution. Subtracting all core components from the total free energy profiles (Fig. 4) leads to remainder terms (Fig. S9D) , which can be considered as ion translocation free energies in the absence of membrane deformations (4, 5) . These contributions are all large and positive ranging from ~ 48 kcal/mol for Cl − to ~ 87 kcal/mol for Na + , and can be compared to bulk water -hydrocarbon partitioning free energies (Table S2) , with discrepancies owing to the linear decomposition, and being dependent on the core selection, especially for the Cl − ion with significant counterion distribution in the membrane.
Comparison of Arginine analogs MGuanH
+ and GuanH + Fig. S4 on p. 14 compares several results for GuanH + to previous calculations for another Arg side chain analog, methyl guanidinium (MGuanH + ) (4), including free energies and work decompositions. There is a ~3 kcal/mol higher barrier for GuanH + compared to MGuanH + (Fig. S4C) , which can be explained by reduced hydrogen bonding ability and increased hydrophobicity due to substitution of NH 2 by NH-CH 3 . In fact, coordination by water molecules (with respect to guanidine C) decreases for MGuanH + compared to GuanH + by ~4 in bulk aqueous solution and by 1-2 in the membrane core (Fig.S4A) . The interaction energy with water is slightly more favorable for GuanH + especially in the membrane core (Fig.S4B) . However, work contributions from water are less favorable, and the contribution from other ions is more unfavorable for GuanH + near the membrane center (Fig. S4D ), resulting in a higher barrier for this ion.
Membrane-ion electrostatic interactions
The 1D and 2D membrane electrostatic potential (ϕ) maps were obtained from umbrella sampling simulations, as described previously (6) . The potential at the translocating ion's position, ϕ ion , was calculated as the negative of the average potential energy change due to discharging the ion (6) (and negated for the case of Cl − ). In Fig. S12 on p. 22 we compare the potential for unperturbed lipid bilayers (the dipole potential; black curves) to the potential experienced by the translocating ions, ϕ ion , arising from both long-range bilayer electrostatics and the local solvation environment of the ion. The ϕ ion profiles are similar in shape for all cations, with each being considerably steeper, but smaller in magnitude than those for the unperturbed bilayer; apparently not feeling the full dipole potential due to the deformed membrane interface and ion hydration (although much of the electrostatic barriers shown arise from changes in local solvation environment, and not necessarily due to the dipole potential). In the case of Cl − (plotted as -ϕ ion in Fig. S12 ), while the profile appears to more closely resemble that of an unperturbed bilayer, it has in fact been negated, and suggests that the anion would experience a large barrier, akin to the cations. This demonstrates that the electrostatic potential seen by small hydrophilic anions in the deformed membrane is very different to the (highly anion-attractive) dipole potential of an unperturbed lipid bilayer.
Ion diffusion calculation methods
Following the method of Hummer (11), the diffusion coefficient for Umbrella Sampling window i, was calculated as:
where s is the inverse time, To extend calculations of the diffusion coefficients further into the bulk aqueous solution, we used the mean square displacement (MSD) Einstein relation, generalized to be spatially varying
where averaging is over all times t in the trajectory, carried out for a series of 2 Å slabs, z j , spanning the bulk electrolyte and lipid-water interface regions. Following averaging, the time-dependent MSD was examined from 0 50 τ ≤ ≤ ps and linear fitting across 10 to 20 ps (identified as the most statistically reliable region) was used to calculate MSD ( ) j D z , with uncertainties reported as standard error of means. Diffusion coefficients obtained by this method for K + were within the uncertainty of those obtained from analysis of Umbrella Sampling simulations (Fig. S2 ). Small differences between these methods can be attributed to possible overestimation by the MSD method in the interfacial region due to rapidly varying local density, as noted previously for water diffusion (10) .
To calculate true bulk aqueous diffusion coefficients, NaCl, KCl and GuanHCl solutions were simulated at 330 K and 1 atm normal pressure with hexagonal periodic boundary conditions for 3-5 ns following 0. , where MSD and umbrella sampling data were unavailable (Fig. S2) .
Maximal (single defect) conductance and mean crossing time
Similar to each ion's contribution to the membrane conductance, from calc ion G (see Eq.5 and Table 1 in the main text), we estimated maximum single-ion conductances, analogous to that for a single ion channel. This was calculated as (12, 26) We also estimated the average time for a single ion membrane crossing, which can be obtained as a ratio of the membrane length, where a single ion regime is valid (12) (~30 Å in our case) to calculated membrane permeability coefficients, calc ion P (see Table 1 
Temperature-dependence of the ion permeability
Permeability coefficients and conductances at different temperatures (T) can be estimated from the Arrhenius equation:
where U a,perm is the activation energy for the permeation process (13) . Both ion solubility and diffusion are activated processes, meaning that U a,perm can be calculated as a sum of ΔU a,solu and ΔU a,diff (14) . ΔU a,solu was obtained from analysis of umbrella sampling simulations as ΔU peak , the potential energy maximum at the membrane center compared to that in bulk aqueous solution (see Fig. S7A ), ranging from 9±5 kcal/mol for GuanH + to 25±4 kcal/mol for Cl − (see Fig. S7A ). In the absence of direct diffusion activation data for ions in the membrane, or solvent mimetic, we used ΔU a,diff values for ions in bulk aqueous solution, varying between 4.2 and 4.7 kcal/mol (27) because the activation energies for water diffusion are similar in bulk water (4.3-4.4 kcal/mol (28)) and hexadecane (3.4 kcal/mol (15)).
U a,perm ranges from 14±5 kcal/mol for GuanH + to 30±4 kcal/mol for Cl -, which leads to predicted decreases in permeability coefficients and conductances by a factor of ~10 to ~130 upon temperature decrease from 330 to 298 K. Estimates of E a, for ion permeation across stearoyl-oleoyl-phosphatidylserine (SOPS) membranes (calculated from T dependence of experimental permeabilities assuming that they obey an Arrhenius equation) : 13.6±0.2 kcal/mol for Cl − , 30.4±2.0 kcal/mol for K + and 27.0±1.4 kcal/mol for Na + (14) are qualitatively similar to our calculated values. We have also performed umbrella sampling simulations of a different Arg side chain analog, MGuanH + , at 298 and 330 K across DPhPC bilayers (see Fig. S15 on p. 25) using the same simulation protocol as was used here but with a different, C36, lipid force field (25) that also was used in our previous work (7) . We found that decreasing temperature from 330 to 298 K leads to a small increase in the barrier height from 20.8±0.4 kcal/mol to 22.8±0.5 kcal/mol. The barrier increase of ~2.0±0.6 kcal/mol, along with the drop in ion diffusion by a factor of ~2, would lead to more than an order of magnitude reduction in permeability. Free energy profiles for MGuanH + and GuanH + membrane translocation are similar, with an ~3 kcal/mol higher barrier for the latter due to increased water coordination and decreased hydrophobicity (see discussion above and Fig. S4C on p. 14) . Thus we can predict a similar order of magnitude drop in ion permeability and membrane conductance for GuanH + and other ions.
Bulk solvation and partitioning calculations
Calculations of ion solvation and partitioning free energies into bulk solvents were done using simulations where an ion was held (with a 0.5 kcal/mol/Å 2 harmonic constraint) in the middle of preequilibrated TIP3P water and cyclohexane boxes composed of 200 and 128 solvent molecules, respectively, as done previously (16), followed by free energy simulations. Bulk solvation and partitioning free energies were determined from the difference in free energy between the ion in solvent and vacuum, or between two solvents, respectively, calculated using free energy perturbation (FEP) using the same protocol as was used in our previous studies (16) . Simulations in bulk solvent were performed in the NPT ensemble at 298 K using 1 atm isotropic pressure coupling. Simulations of 600 ps, with the first 100 ps discarded, were performed for each value of the coupling and/or staging parameter, representing a total of 20 ns sampling for each calculation. Free energies were corrected for interfacial potential contributions, finite Lennard-Jones cutoffs using average interaction energies between a solute and solvent, and PME net charge artifacts, using procedures previously described (16) . The results are summarized in Table S2 .
Solubility-diffusion energetics
The electrostatic energy for an ion crossing a rigid slab membrane was calculated using the CHARMM Poisson-Boltzmann solver, with DPPC bilayer represented by a 26 Å thick ε=2 (hydrocarbonlike) slab, surrounded by ε=80 (aqueous solution-like) dielectric as was done in our previous studies (6, 16 ). An ion was placed at various z positions across the slab (−25≤z≤25 Å in 0.5 Å increments), and Poisson's equation was solved on a 50x50x100 Å grid with 0.5 Å spacing. Atomic radii were taken from refs. (26, 29) . To estimate electrostatic component for a hydrated ion, we used a spherical water droplet with ε=80 and radii corresponding to our ion-water interaction distances from Table S1 .
The non-polar energy was estimated by multiplying the water-accessible surface of the ion by a surface tension of 0.033 kcal/mol/Å 2 obtained from alkane-water transfer free energies, using boundaries at |z|=13 Å, switched over a 5 Å with a half-Gaussian as was done previously (see (7) and references therein). A dipole potential contribution was added by scaling the solid black curve in Fig. S12 down to the experimental value of ~350mV as was done in our previous study (7) . The total energy cost to move an ion through the membrane in the continuum model was calculated as sum of electrostatic, non-polar and dipole potential components (see Fig. S13A on p. 23) as was also done previously (7) . Since the dipole potential contribution for a hydrated ion is likely to be reduced due to shielding (6, 17, 18) , and non-polar energy component also altered, we did not estimate the total energy cost for hydrated ion movement, and just show electrostatic components only (see dashed curves in Fig. S13B) .
Supporting Movie
Movie S1 shows an interfacial connection transition occurring during an US MD simulation of a DPPC bilayer. The interfacial connection transition occurred in the last 6.8 ns of a 12.2 ns simulation with a K + ion constrained 3 Å beyond the bilayer center. Lipid molecules are shown in wire-frame representation with gray C, blue N, red O atoms, and P atoms shown as orange balls. Water molecules are shown in space-filling representation as red/white balls. K + and Cl -ions are shown as purple and green balls, respectively. Table S1 . Interaction distances (in Å) between the translocating ion and solvent or lipid atoms. For all ions, interaction distances were determined as the average position of the 1st minima in the corresponding RDF profile (obtained from several z positions where binding takes place). For GuanH + the position of guanidine N or C atoms has been used. 61.9 ± 2.4 78.8 ± 0.9 86.6 ± 2.6 48.3 ± 6.9 Table S2 . Comparison of ion solvation and partitioning free energies with membrane translocation free energies (in kcal/mol). ΔG hyd ,ΔG sol,cHex and ΔG part,water-cHex -"real" free energies (which include interfacial potential contribution) for ion hydration, solvation in cyclohexane and partitioning between water and cyclohexane, respectively. W total,watermembrane -total free energy barriers for ion translocation across the DPPC membranes (see Fig. 4 and Table 1 in the main text), W remainder,water-membrane -free energy barriers for ions to cross the membranes excluding contribution from core-located polar components (Fig.S9D) Table S1 ) from guanidine central C atom, as opposed to N atoms of NH 2 groups in Figure S5 Table S1 for the list of these distances). The results for GuanH + are shown as red (solid for DPPC and dashed for DPhPC simulations), K + as green, Na + as blue and Cl − as cyan curves. Error bars represent one standard error of means from block analysis. as green, Na + as blue, and Cl − as cyan curves. All interaction energy contributions were obtained using long (20 Å) cutoffs for non-bonded interactions and no PME electrostatics. Error bars here represent one standard error of means from block analysis. 4 ) and a sum of contributions for core membrane components (A-C). Lipid head groups encompass all lipid atoms except for hydrocarbon tails (from C3 to C16). The results for GuanH + are shown as red (solid for DPPC and dashed for DPhPC simulations), K + as green, Na + as blue and Cl − as cyan curves. Free energy contributions in (A-C) were obtained using long (20 Å) cutoffs for non-bonded interactions and no PME electrostatics. Error bars here represent one standard error of means from block analysis. Figure S11 . Electrostatics of the deformable membrane: 1D electrostatic potential profiles (pink curves) along the z axis when the ion is around the membrane center (z≈0Å) The dipole potential profiles of the unperturbed DPPC and DPhPC membranes are shown as solid and dashed black curves. The average potentials of the ion (guanidine C for GuanH + ) and its closest DPPC or DPhPC P and N atoms are shown as asterisk, circle and triangle, respectively, whereas that for K + counterion (for Cl − ) is shown as a square. All electrostatic potentials are referenced to bulk aqueous solution. PMF (kcal/mol)
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Figure S15 Free energy profiles for MGuanH + crossing DPhPC and DPPC (from ref. (7)) lipid bilayers from umbrella sampling MD simulations at different temperatures using C36 lipid force field (25) . Error bars represent a measure of asymmetry.
